Peptide Nucleic Acids (PNA) is a new type of DNA analogue with a peptide backbone. We developed a rapid identification system of Escherichia. coli O157:H7 using PNA mediated PCR clamping. Firstly, we confirmed a single nucleotide alteration in the uidA gene (T93G), which is specific to E. coli O157: H7. We designed forward mutant DNA primer, wild type PNA, and a reverse DNA primer corresponding to the uidA sequence. PCR cycle consisted of four steps including dual annealing temperatures, 57
Escherichia coli serotype O157:H7 often causes outbreaks by food poisoning and sometimes the infection is severe and fatal. 1, 2) This pathogenic bacterium adheres to human intestinal epithelium and causes symptoms such as diarrhea and hemolytic uremic syndrome (HUS). E. coli O157:H7 and similar pathogenic E. coli were categorized in enterohemorrhagic E. coli (EHEC). EHEC produces heat labile enterotoxin, which consists of a single A subunit (35 kDa) and five B subunits (10 kDa) . This type of heat-labile toxin was first found in Shigella, so it is called Shigatoxin (Stx). After that, many rumen bacteria have been reported to produce closely related toxins to Stx (Shiga-like toxin, Slx). Some of these showed higher in vitro toxicity to vero cells and are called verotoxin (VT). Many variants of Stx have been reported today. [3] [4] [5] [6] These toxins were categorized into two sub-groups, Stx-1 and Stx-2, by the antigenicity and also sequence homology. Stx and its variants are encoded by the phage DNA, which lysogenized in the host chromosome.
However, the genotype, stx þ , is not enough to explain the virulence of EHEC. Various enterobacteria carry the stx þ prophages, but most of them are not able to cause so severe infection such as hemorrhagic colitis and HUS, which may develop life-threatening symptoms comparing to EHEC serotype O157:H7. 1, 7, 8) The ability of adherence to intestinal cells is also thought important for contagiousness and toxicity of EHEC. Thus, it is very important to distinguish E. coli O157:H7 from the other stx carrier but avirulent enterobacteria to prevent an out-break, to treat the patients pertinently and also to control the food quality during the distribution.
Polymerase chain reaction (PCR) is a simple and fast method to detect specific DNA from a very low copy number DNA sample. It has been used for the detection of EHEC. [9] [10] [11] However, when the primer set against verotoxin was used for the detection of EHEC, many avirulent bacteria also give possitive amplification. It is necessary to develop a specific detection method for the E. coli O157:H7 to prevent the false possitive assessment.
It is known that E. coli O157:H7 lacks theglucuronidase activity. 12) In this paper, we confirmed that this defect is caused by a single base-pair transversion of -glucuronidase gene (uidA). We tried to detect this point mutation by PCR to develop specific y To whom correspondence should be addressed. Tel: +81-58-293-3174; Fax: +81-58-293-3172; E-mail: suzuki@cc.gifu-u.ac.jp assessment of E. coli O157:H7 in clinical samples or food materials. However, it was very difficult to detect a single base replacement by the PCR method.
Peptide Nucleic Acids (PNA) is a new type DNA analogue in which the deoxyribose-phosphate backbone is replaced with a peptide backbone of an amino-ethylglysine unit.
13) It forms a highly stable complex with complementary DNA or RNA because the peptide backbone is more flexible than the natural ribosephosphate backbone and does not have a negative charge to repel each other strand of duplex. 14, 15) PNA never acts as a primer molecule during PCR because it dose not serve the 3 0 OH group which accepts next deoxynucleotide triphosphate in the DNA polymerization. These properties are a great advantage in the detection of point mutation. Previously, Thiedo et al. applied this nucleotide analogue to inhibit the amplification of the perfect-matched template and selectively amplified mismatched one in the PCR detection of ras gene, proto-oncogenes. 16) They called this unique method as PCR clamping.
In this work, we used this novel method to assess the infection or contamination of E. coli O157:H7 by detecting a single base replacement of uidA gene of E. coli by using PNA mediated PCR clamping. Accordingly, it was possible to detect PCR amplification from E. coli O157:H7 DNA. Furthermore, to understand the selection mechanism during PCR clamping, we observed the melting curve and kinetic parameters, such as association and dissociation constants, of PNA/DNA and DNA/DNA complexes using complementary and single base mismatched oligonucleotide duplexes.
Materials and Methods
DNA template preparation from various bacterial stains. E. coli stains were obtained from the livestock farm of ZEN-NOH Institute of animal health (Japan). DNA template for sequence analysis and PCR was prepared according to the following protocol. E. coli O157:H7 and other stains were cultured overnight in 20 ml of mEC medium (peptone 20 g, bile salt 1.12 g, lactose 5.0 g, K 2 HPO 4 4.0 g, KH 2 PO 4 1.5 g, NaCl 5.0 g, distilled water 1000 ml, pH 6.9) at 37 C with shaking. The cells were harvested by centrifugation, disrupted by the addition of 1% sodium dodecyl sulfate (SDS) solution. E. coli genomic DNA was purified by phenol extraction and ethanol precipitation. Purified DNA was redissolved in 100 l sterilized water.
The sequence of -glucuronidase gene (uidA) was amplified by PCR, 12) and examined the sequence by automatic DNA sequencer (ABI 377, Applied Biosystems, Foster City, CA) using a dye-terminator reagent.
PNA synthesis. The PNAs were synthesized by the solid-phase method by DNA/PNA synthesizer (Expedite Model 8909, Applied Biosystems, Foster City, CA). The synthesized PNA was purified by reversed-phase HPLC on a C18 column. PNAs, which labeled biotin or 6-carboxyfluorescein (FAM), were synthesized using Dbiotinoyl-"-amidocaproic acid -N-hydroxysuccinimide ester (Boehringer Mannheim) and 6-carboxyfluorescein succinimide ester (Biosearch Technologies). The labeled PNAs were purified by reversedphase HPLC on a C18 column again, and their mass were confirmed by matrixassisted laser desorption ionization time of flight mass spectrometry (MALDI-TOF MS, Voyeger RP, Applied Biosystems, Foster City, CA).
DNA oligomers. All DNA oligomers were purified by cartridge or HPLC. They were obtained from Greiner Japan (Tokyo). All oligomers used in this study are listed in Table 1 .
PCR clamping. We designed PNA and DNA primers in the same region of template DNA (Fig. 1) . Forward primer (CL1U) corresponds to the mutant uidA gene of E. coli O157:H7. The reverse primer (CL1L) is 517 bases downstream from the forward one. PNA sequence (P-CL1) shares the same position to CL1U, but identical to wild-type uidA gene of non-O157:H7 E. coli sequence. PCR amplification was carried out in a 20-l scale, containing 10 ng of E. coli DNA, 1 M of each primer, 4 M of PNA, 250 M dNTP, buffer (10 mM Tris-HCl pH 8.3, 50 mM KCl and 1.5 mM MgCl 2 ), and 0.5U of Taq DNA polymerase (Ex-Taq, TaKaRa). PCR was done using a TaKaRa PCR Thermal Cycler MP. The cycling program was 96 C for 1 min of denaturation, 57
C for 1 min of 1 st annealing, 45 C for 30 sec of 2 nd annealing then 67 C for 1 min of extension. These steps were repeated for 30 cycles (Fig. 2) . The amplified products were analyzed by a 3% agarose gel electrophoresis followed by ethidium bromide staining.
Multiplex PCR. For detection of both stx and uidA genes, the multiplex PCR were done by the addition of 2 sets of the primers in the same reaction tube. PCR conditions were the same as described above. The 
primers VTU (16mer), VTL (16mer) were designed as a common primer to amplify both stx-1 and stx-2 genes. The PCR products were analyzed by agarose gel electrophoresis as above.
Melting temperature analysis. Annealing curves during cooling down of the oligonucleotide were determined for perfect-matched or single base mismatched using PNA/DNA and DNA/DNA duplexes. These analyses were done by the fluorescence resonance energy transfer (FRET) method 17) by using ROTER-GENE 2000 (Corbett Research, Sydney, Australia). We designed the following FRET probe pairs (Table. 1B Each 5 M concentration of paired oligomers was dissolved in P buffer (10 mM Na-phosphate pH 7.0, 50 mM NaCl, and 0.1 mM EDTA) to adjust the PCR conditions, and then raised the temperature to 95 C, then set on ROTER-GENE to observe FRET. After we kept a sample at 90 C for 5 min, annealing was doen followed by gradually cooling to 30 C during 30 min. The fluorescence was observed by FAM excitation by 488 nm and TAMRA emission at 510 nm. When the two strands were hybridized to each other, an energy transfer occurs from FAM to TAMRA, and it emits light at 510 nm. The temperature that showed 50% FRET intensity was taken as the melting temperature (Tm). The partial DNA sequence of ten non-O157:H7 strains and eleven O157:H7 strains were shown. The forword DNA primer and PNA for PCR clamping were shown in the bottom. Panel A: Schematic illustration PNA mediated clamping. The wild type PNA binds to the target priming site of wild type template, but does not bind to that of the mutant. The PCR amplification will proceed only from mutant template. Panel B: The PCR cycle profile. This method includes 4 thermal steps including a first annealing step at 57 C for DNA/PNA hybridize and secound annealing step at 45 C for normal DNA/DNA hybridization.
Surface plasmon resonance (SPR). Kinetic parameters were assessed by SPR using a BIAcore 1000 (BIACORE, Uppsala, Sweden). The streptavidin conjugated sensor chip (BIACORE) was used to trap biotinyl oligo-DNA.
18) The oligomers used in SPR analyses were the same sequence as the Melting Curve measurement (Table 1C) . A biotin-labeled DNA strand was immobilized to the streptavidin chip. All kinetic experiments were done in the P buffer at 40 C. To immobilize the biotinyl-DNA strand to the streptavidin on the chip surface, biotin-DNA was dissolved in degassed P buffer at a concentration of 20 nM. The solution was injected to reach at 250 RU with a flow rate of 40 l/min. The analytes (PNA or DNA) were dissolved in P buffer at appropriate concentrations (10, 50, 100, 500, and 1000 nM). One hundred microliters of these nucleotides were injected at a flow rate of 40 l/ min to measure the association kinetics, and immediately followed by P buffer washing through the system to evaluate the dissociation constants. After approximately 150 s of buffer wash, the immobilized singlestrand DNA surface was regenerated with 80 l of 10 mM HCl (40 l/min) for the PNA/DNA and DNA/ DNA duplexes then re-equilibrated by P buffer. Kinetic rate constants were calculated using BIAevaluation 3.0 software (Biacore AB) using a single site binding model, i.e. A þ B ¼ AB. The ratio of the rate constants allowed the equilibrium constant to be calculated, K A ¼ ka=kd.
Results
Sequence analysis of uidA gene of various E. coli stains
We analyzed a partial sequence (350 bp) of theglucuronidase gene (uidA) of 20 E. coli strains with various serotypes (Fig. 1) . These results showed that all O157:H7 strains tested carried a mutation in the uidA gene. The position 93 'T' of the wild type of uidA was altered to 'G' in all analyzed E. coli O157:H7 strains, and other non O157:H7 strains do not have such a mutation. No other identical mutation to O157:H7 was found in other region of uidA gene of E. coli strains. We also examined the presence of stx gene of E. coli O157:H7 by PCR using a primer set which can detect both shigatoxin genes, Stx-1 and Stx-2. All E. coli O157:H7 were confirmed to carry at least one stx gene.
PCR clamping
We designed a DNA primer and a PNA oligomer against the same region of the terget uidA gene around the mutation (Fig. 1) . Forward primer sequence is the complement to O157:H7, and the PNA sequence is a complement to the wild type sequence. In this experiment, we used 15 mer PNA. The PNA/DNA complex has a higher thermal stability than the DNA/DNA complex. The PCR cycling program consisted of 4 steps (Fig. 2 ). An additional PNA annealing step was set prior to the normal DNA annealing step. It is thought that the PNA/DNA duplex shows approximately 1 C per basepair higher Tm value than the corresponding DNA/ DNA duplex. 19 ) Thus, we surveyed optimal PNA annealing temperature around 60 C, which was 15 C higher than annealing temperature DNA primers. Finally, we found the 1 st annealing step at 57 C gives clear and reproducible results.
In the absence of PNA (Fig. 3, Lanes 1-8 ), 517 bplength amplified products corresponding to uidA gene were observed in the all tested samples. However, in the presence of PNA (Fig. 3, Lanes 9-16 ), the amplified bands were detected only in E. coli O157:H7 strains (Fig. 3, Lanes 10, 11, 15, 16 ). PNA has specifically inhibited the PCR amplification from a wild type uidA gene. These data showed that PCR clamping was successfully done with this PNA and it recognized one base replacement in uidA gene with these conditions.
Multiplex PCR
Next, we constructed a multiplex PCR system, to detect E. coli O157:H7 by a single tube PCR reaction. An additional PCR primer set was designed as previously reported by Ohmura et al., 20) which can amplify both stx-1 (VT-1) and stx-2 (VT-2) genes, but the length was shortened to 16-mer to share the PCR conditions with the PNA clamping as described above. Two DNA bands were amplified from E. coli O157:H7 samples (Fig. 4) . The amplified DNA fragments of 517 bp and 171 bp were corresponding to uidA and stx genes, respectively. The results of multiplex PCR showed perfect consistency with that of the individual PCR. These data suggested that the primer set uidA and stx does not interfere with the PCR amplification of each other. The serotype and toxin type were identified determined by immunological tests for each bacterium ( Table 2 ). These results completely agreed with that of multiplex PCR.
Melting temperature (Tm) of PNA/DNA and DNA/ DNA duplexes
To understand the selection mechanism during PCR clamping, we measured the Tm of PNA/DNA and DNA/DNA complexes using perfect-matched and mismatched 15 base-pair duplexes using FRET technique (Fig. 5A) . When the template DNA was wild-type uidA of non-O157:H7, PNA/DNA duplex was perfect-matched and DNA/DNA duplex was mismatched. In this condition, the Tm value of PNA wild /DNA wild perfectmatch was 19 C higher than that of DNA mutant /DNA wild mismatch. Thus, it was estimated that PNA oligomer can bind to the template more quickly DNA than the DNA primer. On the other hand, when template DNA was the mutant type of O157:H7, the Tm value of PNA wild /DNA mutant mismatch and DNA mutant /DNA mutant perfect-match were almost the same value (56 C).
Kinetic parameter measurement by SPR Next, we determined measurement the stability of PNA/DNA duplex by SPR using BIACORE. The biotinylated template strand was immobilized to the streptavidin chip. The associating strand was injected to observe the association and dissociation kinetics (Fig. 6) . PNA was bound to both wild and mutant sensor DNA very quickly. The dissociation rate of perfect-match showed slower release in PNA/DNA and DNA/DNA than that of mismatch. We determined the kinetic parameters to compare PNA/DNA and DNA/DNA duplexes, and evaluate the effect of mismatch on these parameters (Table 3 ). Comparing the association and dissociation parameters between PNA/DNA and DNA/ DNA duplexes, there was a significant difference in the dissociation constant (Kd), although no remarkable difference was observed in the association constant (Ka). The association equilibrium constant (K A ) values showed that the PNA wild /DNA wild (perfect-match) were 74 times stronger than the DNA mutant /DNA wild (mismatch). These results suggested that DNA mutant primer can not bind to template DNA wild in the presence of PNA wild . The K A values of PNA wild /DNA mutant (mismatch) and DNA mutant /DNA mutant (perfect-match) were almost equal. PNA oligomer and DNA primer should compete with each other to mutant type template DNA, then PCR amplification proceeds by the annealed DNA primer. These results showed good agreement with that of the Tm measurement.
Discussion
In this study, we developed a simple and rapid method to detect single base replacement of the uidA gene of E. coli O157:H7 by this method. Most commercial systems for the EHEC detection, that using PCR, detect the stx gene. We aimed at the deficiency of -glucuronidase activity which is thought to be a common property of E. coli O157:H7. 12) We analyzed the DNA sequence ofglucuronidase gene (uidA) for 11 O157:H7 strains and 10 neighboring strains. All O157:H7 strains have the same single base replacement of uidA gene at the position of 93 (from T to G). We tried to detect this single base-pair mutation by PNA mediated PCR clamping. In the presence of 15 base-length PNA which is complimentary to wild-type uidA, the mutant uidA was successfully amplified and the amplification of the wild-type fragment was completely inhibited by the clamping effect of PNA. This selection also worked in multiplex PCR, which targeted uidA and stx-1 or stx-2, the genes encoding shigatoxins. We concluded that the bacterial strain which has uidA (T93G) and stx þ genotype, which should be concluded E. coli O157:H7, was specifically detectable with this PNA mediated multiplex PCR.
Next, we investigated the mechanism of this PNA clamping using two analytical methods. First, we investigated the association profile and Tm during cooling down. We used the FRET technique to evaluate the hybridization quantitatively. Secondry, we applied The wild-type or mutant biotinyl-DNA probes were put onto a streptavidin-conjugated sensorchip. The analyte DNA or PNA (1000 nM) were hybridized to the wild type or mutant sensor probes at association phase, and then elutedwith P buffer at dissosiation phase. the BIAcore technique based on SPR (Table 3) . This method gives quantitative data on the ligand-receptor binding the kinetic constants. Kai et al. applied this method to detect the PCR product from the stx-2 gene, that encodes a Shiga toxin of E. coli O157:H7. 21) These data revealed curious characters of PNA/DNA complexes, especially in its behavior in a mismatched duplex. We propose the following model of specific amplification during PNA-mediated PCR clamping. To determine the melting curve of the duplex, the hybridization rates of duplexes were calculated at the two annealing temperatures (Fig. 5A ). From these Tm analyses, we propose a molecular action during PCR.
In the case of non O157:H7 template DNA (wild type uidA gene). The hybridization ratio of perfect-matched PNA wild /DNA wild duplex was 82% in the 1 st annealing temperature (57 C), but that of mismatched DNA mutant / DNA wild duplex was only 2%. Thus, PNA can bind to template DNA, however DNA can not bind to template DNA. Next, in the 2 nd annealing temperature (45 C) in the PCR cycle, DNA primer cannot bind to template DNA, because PNA had already bound to the template fully (Fig. 5B) . Furthermore, the observation of SPR experiments showed that the K A value of perfectmatched PNA/DNA complex was 74 times stronger than that of the mismatched DNA/DNA. The formed PNA/DNA complex should be stable during DNA annealing and extension steps and the polymerase reaction does not proceed any more.
The other case, with template DNA of O157:H7 (mutant uidA gene), the hybridization ratio of perfectmatched DNA mutant /DNA mutant duplex was 41% and that of mismatched PNA wild /DNA mutant duplex was 40% in the 1 st annealing temperature (57 C). PNA wild and DNA mutant primers compete with each other toward mutant template DNA at almost the same rate. Next, in the 2 nd annealing temperature (45 C) in the PCR cycle, the hybridization ratio of perfectly-matched DNA mutant / DNA mutant duplex was 89% and that of mismatched PNA wild /DNA mutant duplex was 93%. In this step, the hybridization ratio of DNA mutant primer to DNA mutant tempelate (perfect-matched) should be almost the same as that of PNA wild to DNA mutant temperate (mismatched DNA/DNA, see K A value of Table 3) . Thus, DNA primer should compete with PNA oligomer toward mutant template DNA, and occupy about half of the template molecules. The rate of PCR amplification, thought to be inhibited partially in the presence of the PNA, was less than that of normal PCR reaction conditions. However, wild type PNA have not inhibited the PCR amplification from mutant template. It needs further investigations using real-time PCR to make clear this point.
PCR is a most powerful tool to detect very low copy numbers of a DNA. Using appropriate conditions, it can amplify single-copy DNA. Many researchers applied this method for diagnosis of infectious disease, hereditary disease, mutation and polymorphism. However, it has been difficult to detect a special DNA sequence among highly homologous sequences such as a single base-pair alteration. Usually, it needs DNA sequencing or special equipment, such as temperature gradient gel electrophoresis, to analyze these homologous DNAs.
The PNA is still unpopular among DNA analogue chemicals. There are many unclear points in its nature. However, it has great potential to improve modern molecular biology and bio-technology. To compare the difference of Tm values by inserting the mismatched base, there was no remarkable difference between that of PNA/DNA duplex (12 C) and DNA/DNA duplex (7 C). However, PNA had higher thermal stability than DNA. The difference of the Tm value was became 19 C in the case of wild type uidA gene template DNA. This point enabled PCR clamping.
The evaluation method of single nucleotide alteration is getting to be important to diagnose infection, genetic disease, or cancer progression, etc. A vast data of genome projects are now available and medical diagnosis is becoming much more precise using this information. Recently, single nucleotide polymorphisms (SNPs) of individual genes are also analyzed to develop an order-made therapy. Behn et al. reported detection of the p53 mutation by using PNA-mediated PCR clamping technique. 22) They detected the oncogene lesions in histological samples containing only a small number of cancer cells. Numbers of applications of molecular diagnosis could be developed much promptly, if it were possible to detect the single nucleotide polymorphism by an easier method such as PCR. PNA mediated PCR clamping is a promising candidate to make a breakthrough in the analysis of SNPs.
In the case of EHEC such as E. coli O157:H7, the LEE region have been reported to have an essential role in the adhesion onto enteric intestinal epithelium. 23, 24) 
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Ã Kinetic constants were analyzed by SPR. Ka, Kd, K A indicate association, dissociation, and association equilibrium constants, respectively. ÃÃ Melting temperatures (Tm), were anlyzed by FRET.
Our method, using uidA, might not be the best way to detect EHEC, today. However, this easy and clear method can be applicable to other molecular evaluations such as a accurate diagnosis of other infectious agent or the analyses of single nucleotide polymorphisms (SNPs). The PCR clamping is also a quite new method and the detail of the mechanism have not understood, yet. Here, we have proposed a working hypothesis of this method. We are proceeding further with critical analyses to prove this model and establish a guideline of PNA design and experimental procedures.
